A precise and sensitive LC method was developed and further validated for the determination of enantiomeric purity of {(4S)-8-Fluoro-2-[4-(3-methoxyphenyl)-1-piperazinyl]-3-[2-methoxy-5-(trifluoromethyl) phenyl]-3,4-dihydro-4-quinazolinyl} acetic acid (Letermovir). Baseline separation with a resolution >2.8 was accomplished within 10 min using a CHIRALPAK AD (250 mm × 4.6 mm; particle size 5 μm) column, with n-hexane/2-propanol (80:20 v/v) as mobile phase at a flow rate of 1 mL min −1
) is a new highly potent anti-cytomegalovirus (CMV) agent with a novel mechanism of action targeting the viral terminase subunit pUL56 (1, 2) , a component of the terminase complex involved in viral DNA cleavage and packaging that has no equivalent target enzyme in the human body (3) . As such, Letermovir also provides a potential new treatment option for patients infected with CMV strains that are resistant to approved antiviral drugs (4) . Initial clinical data on the use of Letermovir in a patient infected with a multidrug-resistant CMV strain who had multiorgan CMV disease appear to support in vitro data (5-10).
Letermovir was effective in reducing the incidence of CMV infection in recipients of allogeneic hematopoietic-cell transplants. The highest dose (240 mg/day) had the greatest anti-CMV activity, with an acceptable safety profile (3) . Because of these attractive characters, Letermovir has already been employed as one possible candidate for human clinical trials (11) . As to its structure, due to the asymmetric center on the ring, it has one pair of enantiomers. Therefore, it is important to determine the enantiomeric purity of Letermovir, especially during its pharmaceutical preparations. At present, efforts put on obtaining chiral resolution of Letermovir enantiomers have never been reported, so it is necessary to develop an efficient and low-cost method to determine enantiomeric excess (e.e.%) of Letermovir for practical purposes. It should also be noted that separation of enantiomers is an effective approach to obtain accurate e.e.%, and high-performance liquid chromatography (HPLC) incorporating chiral stationary phases (CSPs) is one of the most efficient methods for accomplishing successful chiral resolution (12) (13) (14) . In the context, a novel and effective HPLC-based method was developed to determine enantiomeric purity of Letermovir, with five different representative chiral columns (CHIRALPAK AD, CHIRALCEL OD, CHIRALCEL OJ, Kromasil CHI-DMB and Kromasil CHI-TBB) tested, and other experimental conditions for enantiomeric separation were thoroughly investigated such as the effects of organic modifier and column temperature on resolution and retention.
Experimental

Chemicals
The origin of pure enantiomer and racemate were prepared as reported by Maertens and Schickaneder (15) and Goossen et al. (16) , and the purity of the products was measured by HPLC to be >98%. n-Hexane, ethanol and 2-propanol of LC grade were purchased from Fisher (Suwanee, GA, USA). High-purity water obtained from a Milli Q gradient A10 water purification system (Millipore, Molsheim, France) was used in all experiments. All other reagents of analytical grade were of analytical grade and purchased from Kelong Chemical (Chengdu, China).
Instrumentation
The used HPLC system was Waters Alliance system separation module e2695 (Waters Corporation, Milford, MA, USA), consisting of a binary pump, column oven and auto-injector coupled with a 2998 PDA detector. Empower 3 ® software was used to monitor signals form a diode-array detector and to process the collected analytical data. CHIRALPAK AD (250 mm × 4.6 mm; particle size 5 μm), CHIRAL-CEL OD (250 mm × 4.6 mm; particle size 5 μm), CHIRALCEL OJ (250 mm × 4.6 mm; particle size 5 μm), Kromasil CHI-DMB (250 mm × 4.6 mm; particle size 5 μm) and Kromasil CHI-TBB (250 mm × 4.6 mm; particle size 5 μm) columns were tested for separation. Chromatographic parameters, such as peak areas, retention time, theoretical plates, etc., were calculated using the Empower 3 ® software.
Chromatographic conditions
Chromatographic separations were investigated with five different types of CSPs as mentioned above. Mobile phase consisting of mixtures of n-hexane with 2-propanol (or ethanol) were used at the temperature of 30°C. The flow rate was 1 mL min −1 , and the DAD detector was set at 260 nm. Void time was measured by use of ethyl acetate as marker. The injection volume was 10 μL. The sample solutions at a concentration of 0.1 mg mL −1 were prepared in 2-propanol.
Results
Five different chiral columns, CHIRALPAK AD, CHIRALCEL OD, CHIRALCEL OJ, Kromasil CHI-DMB and Kromasil CHI-TBB were tested with two mobile phases: n-hexane/2-propanol (90:10 v/v) and n-hexane/ethanol (90:10 v/v), to achieve the best separation of the enantiomers. The results indicated that the enantiomers of Letermovir could only be separated on Chiralpak AD-H column. Moreover, in order to obtain the best separation behavior, primary chromatographic conditions were further investigated.
Effect of organic modifier
The type and concentration of the organic modifiers affected retention and resolution of the enantiomers on the column. Ethanol and 2-propanol were tested as preferred modifiers, and the results were shown in Table I . 2-Propanol showed better separation behavior.
With the decrease of the organic modifier concentration, the retention factors as well as resolutions were increased, while by using 2-propanol, higher separation factor and resolution were observed. Therefore, 2-propanol was chosen as the organic modifier. After k 1 , retention factor of R-enantiomer; k 2 , retention factor of S-enantiomer (Letermovir); t 1 , retention time of R-enantiomer; t 2 , retention time of S-enantiomer (Letermovir); α, separation factor; R S , resolution.
Stationary phase: CHIRALPAK AD; flow rate: 1.0 mL min
; column temperature: 30°C; UV detection wavelength: 260 nm. thorough optimization, 20% of 2-propanol in n-hexane was found to be the optimal mobile phase for separation of the Letermovir enantiomers, i.e., that which resulted in the best resolution and retention time.
From Figure 2A it is apparent that the two enantiomers were satisfactorily separated and the Letermovir eluted last. The chromatograms also indicated that the established HPLC method is highly sensitive with the chromatogram of Letermovir showed in Figure 2B .
Effect of temperature
Temperature is an important factor affecting the chiral recognition (17, 18) . The effect of column temperature within the range 288-303 K (15-30°C) on selectivity and enantiomer resolution was studied. It was found that the retention decreased with increasing the temperature, because the target analyte molecules have less affinity for the column at higher temperature and therefore migrate faster through the column (19) . On the basis of the Van′t Hoff equations (19) (20) (21) (22) 
where k is the retention factor, R is the gas constant, and T is the absolute temperature, the logarithm of the retention factor (ln k) was plotted as a function of the reciprocal of temperature (1/T) for the two enantiomers (Van′t Hoff curve). These yielded straight lines. ΔH θ and ΔS θ for the two enantiomers were obtained from the slope and intercept, respectively, of the straight lines. The ΔH θ (slope × R)
of Letermovir and its enantiomer were calculated to be −11.206 and −11.240 kJ mol , respectively. The Gibbs free energy (ΔΔG θ ) for the separation is given by Eq. 2:
The Gibb's free energy change (ΔΔG θ ) accompanying the separation on CHIRALPAK AD column with n-hexane/2-propanol (80:20 v/v) is −0.780 kJ mol −1 (298 K). These results suggested the processes of chiral recognition were enthalpy controlled.
Method validation
Linearity Under the working conditions, calibration curves were plotted in the range of 0.003-1 mg mL −1 (n = 14) for freshly prepared solutions of the enantiomers. The curves were linear with r enantiomer were y 1 = 6E + 6x 1 − 59875 and y 2 = 6E + 6x 2 − 68796, respectively.
Precision
Inter-and intra-day assay precisions were determined by analysis of three different sample solutions of Letermovir (0.005, 0.3 and 0.8 mg mL −1 ) six times per day for 3 days. The relative standard deviation (RSD%) of the assay was <1.34% for Letermovir, which indicated the method was fairly feasible for successful qualitative and quantitative analysis of the enantiomers.
Accuracy
Accuracy was studied by spiking the enantiomers solution at three levels (0.005, 0.3 and 0.8 mg mL −1 ) and measuring the concentration of each solution in triplicate (n = 3) for 3 days. The percentage recoveries were between 98.24 and 101.43% with <1.29% RSD.
Limit of detection and limit of quantitation
The limit of detection (LOD) and limit of quantitation (LOQ) were determined by analysis of standard solutions of each enantiomers at nine levels (0.001, 0.002, 0.003, 0.005, 0.01, 0.02, 0.03, 0.05 and 0.1 mg mL
) to determine the amounts for which signal-to-noise ratios were 3 and 10, respectively. LOD was found to be 0.96 and 1.01 μg mL −1
for Letermovir and its enantiomer, respectively, while LOQ was found to be 3.15 and 3.39 μg mL −1 for Letermovir and its enantiomer, respectively.
Robustness
The robustness of the method was studied by making deliberate small changes in the experimental conditions to see if they resulted in any obvious differences in separation and detection. The outcome revealed the robustness of the method was good. For instance, a variation of 0.5% in the composition of 2-propanol in the mobile phase hardly affected the resolution. The effect of temperature was also studied by analyzing sample at 30 ± 2°C. Only the retention time was observed to be changed but the resolution remained >2.8. The effect of flow rate was studied as well by changing it to 0.9 and 1.1 mL min −1 . In both cases, the resolution was found to be >2.8.
Assay of bulk drugs
Four batches of bulk drugs were analyzed under the working conditions. The results are given in Table II . On the basis of all these results, it is apparent that the method is quite simple, and enables sensitive and reliable determination of the enantiomeric purity of Letermovir in bulk drug.
Discussion
The method conditions indicate that the developed method is stability indicating and is capable of separation and accurate quantification of Letermovir with good resolution. The linearity results show that an excellent correlation existed between the peak area and concentration of Letermovir. The results from solution stability experiments confirmed that standard solutions were stable up to 3 days during experimentation. The robustness results (flow rate, organic solvent strength and column temperature) indicate that the method is highly robust. Bulk-2 and Bulk-3 were prepared with racemate/S-enantiomer in 1:4 and 4:1 weight ratios, respectively. Among five different chiral columns (CHIRALPAK AD, CHIRAL-CEL OD, CHIRALCEL OJ, Kromasil CHI-DMB and Kromasil CHI-TBB), the chiral monomers of Kromasil CHI-DMB and Kromasil CHI-TBB are both substituted L-tartar diamide, while molecule of Letermovir is relatively large. Therefore, Kromasil CHI-DMB and Kromasil CHI-TBB cannot provide enough space for chiral recognition, which resulted in the failure of enantiomeric resolution. However, CHIRALPAK AD, CHIRALCEL OD and CHIRALCEL OJ are polysaccharide CSPs, which can provide chiral groove for chiral recognition. Moreover, CHIRALCEL OD and CHIRALCEL OJ are cellulose CSPs, while CHIRALPAK AD is amylose CSPs. The former has a β-(1,4)-D-glucose linkage and the latter is an α-(1,4)-D-glucose linkage. The different glucose linkages give rise to the different higher order structures of these polymers in which the polymer chains are held by intramolecular and intermolecular hydrogen bonds. Experimental results indicated that the enantiomers of Letermovir can be separated by amylose groove, and this may be the reason why the enantiomers of Letermovir cannot be separated by CHIRALCEL OD and CHIRALCEL OJ. Figure 3 represented the possible existing interactions between the Letermovir and the CHIRALPAK AD CSP, which indicated inner retention mechanism between the CSP and the analyte. Different possible bondings and interactions were hydrogen bondings (between -C = O and amine groups, between -C = O and hydroxyl groups), π-π interactions (between phenyl groups of CSP and phenyl groups of Letermovir) and van der Waal's forces (among alkyl groups of CSP and alkyl groups of Letermovir). However, steric effects in the chiral groove played significant roles in chiral recognition. Therefore, the chiral recognition mechanism for CHIRALPAK AD involves (i) the formation of transient diastereomeric analyte-CSP complexes through hydrogen bonding interactions between the carboxyl moieties of the analyte and CSP-this is the dominant analyte-CSP interaction for retention, and for the formation of the diastereomeric analyte-CSP complexes; (ii) stabilization of these complexes by insertion of the aromatic portion of the analyte into the chiral cavities of the CSP, as well as π-π, dipole-dipole (van der Waal's forces) and additional hydrogen bonding interactions between analyte and CSP-these contribute to the stabilization of the diastereomeric analyte-CSP complexes; (iii) chiral discrimination between enantiomer analytes arising from the additional hydrogen bond between analyte and CSP-this further stabilizes the diastereomeric analyte-CSP complexes, and adds the driving force for chiral discrimination to effect enantiomeric separation. From the study of temperature dependence of enantioseparation of Letermovir on CHIRALPAK AD, chiral separation is enthalpy controlled. Usually, as most HPLC separations are enthalpy controlled. The enantiomer analytes have negative ΔH θ values showed an increase in enantioselectivity, thus an increase in chiral resolution, when the temperature was decreased. Enthalpy changes in this context arise mainly due to heats of adsorption during retention, and as consequence of partial bonding to the selector, since for two enantiomers solvation enthalpies must be identical. This means that a strong interaction between racemic analyte-CSP, such as hydrogen bonding, mainly governs chiral discrimination.
Conclusion
Accurate and precise determination of the enantiomeric ratio of Letermovir was accomplished with the developed method herein. The advantages of the method are suitable retention time, and complete enantioselective separation with high resolution (R S > 2.8) and high sensitivity. The effects of organic modifiers and temperature on resolution and retention of enantiomers were thoroughly investigated to obtain the optimum chromatographic conditions. The results obtained suggested that the processes of chiral recognition were enthalpy controlled. The method was validated for precision, accuracy, linearity, LOD, LOQ and robustness, and was found to enable effective and practical for separation and quantitative determination of enantiomeric purity for Letermovir, which has not hitherto been accomplished using other LC-based methods.
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